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The chemical history of dust particles in the atmosphere is crucial for assessing 
their impact on both the Earth’s climate and ecosystem. So far, a number of studies 
have shown that, in the vicinity of strong anthropogenic emission sources, Ca-rich 
dust particles can be converted into aqueous droplets mainly by the reaction with 
gaseous HNO3 to form Ca(NO3)2. Here we show that other similar processes have 
the potential to be activated under typical remote marine atmospheric conditions. 
Based on field measurements at several sites in East Asia and thermodynamic 
predictions, we examined the possibility for the formation of two highly soluble 
calcium salts, Ca(NO3)2 and CaCl2, which can deliquesce at low relative humidity. 
According to the results, the conversion of insoluble CaCO3 to Ca(NO3)2 tends to 
be dominated over urban and industrialized areas of the Asian continent, where the 
concentrations of HNO3 exceed those of HCl ([HNO3/HCl] > ~1). In this regime, 
CaCl2 is hardly detected from dust particles. However, the generation of CaCl2 
becomes detectable around the Japan Islands, where the concentrations of HCl are 
much higher than those of HNO3 ([HNO3/HCl] < ~0.3). We suggest that elevated 
concentrations of HCl in the remote marine boundary layer are sufficient to modify 
Ca-rich particles in dust storms and can play a more important role in forming a 





Desert dust storms contribute episodically to the global aerosol load (1, 2) and influence the 
radiative balance, ice nuclei and cloud condensation nuclei prevalence in the atmosphere (3, 4), 
and also atmospheric deposition of nutrients and toxicants (5, 6). Dust particles at their original 
source regions consist principally of insoluble particles and therefore serve as one of the most 
effective ice nuclei that initiate ice-crystal formation under cirrus conditions (7, 8). However, if 
dust particles are coated with soluble materials (i.e., antifreeze agents), then this process is 
expected to reduce their original ice-nucleating ability (9, 10), as well as enhance their liquid 
cloud-nucleating ability (11-15) and modify their light scattering and absorption ability (14-16). 
It has also been suggested that dust particles that contain certain soluble materials (e.g., iron, 
nitrate and phosphate) have the potential to stimulate phytoplankton growth in the open ocean 
(5), while some of them (e.g., copper) may cause a toxic effect (6). 
There are two major pathways for the formation of soluble materials on the surfaces of dust 
particles: coagulation of dust and ambient soluble particles, and heterogeneous reactions of dust 
particles with ambient reactive gases. Thermodynamic studies suggest that alkaline CaCO3 can 
react with gaseous HNO3 and HCl to form Ca(NO3)2 and CaCl2 (17). Both Ca(NO3)2 and CaCl2 
are highly soluble materials and much more hygroscopic than other insoluble or slightly soluble 
calcium salts such as CaCO3, CaSO4 and CaC2O4 (18). In the bulk, the anhydrous Ca(NO3)2 and 
CaCl2 are transformed into the crystalline hydrates at relative humidity (RH) higher than 9%RH 
and 0.6%RH, and then deliquesce above 50%RH and 28%RH, respectively (17). In addition, it 
becomes clear that micrometer-sized Ca(NO3)2 particles can deliquesce above ~10%RH without 
the formation of the hydrates (19, 20). Thus, the deliquescent relative humidities of Ca(NO3)2 
and CaCl2 are much lower than those of well-known soluble materials such as NaCl (~75%RH) 
and (NH4)2SO4 (~80%RH), and both Ca(NO3)2 and CaCl2 are likely in the form of aqueous liquid 
under most conditions of the atmospheric boundary layer. 
There are many unanswered questions concerning heterogeneous reactions to form aqueous 
droplets of Ca(NO3)2 and/or CaCl2 from Ca-rich dust particles under atmospheric conditions. 
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Ca-rich dust particles that have a droplet-like (or spherical) shape have been detected at several 
sites of the northern hemisphere (21-26). Much of the focus on the formation of such particles so 
far has centered on the reaction of CaCO3-containing dust particles with HNO3 to form Ca(NO3)2 
occurring in the vicinity of large anthropogenic emission sources (21-25). On the other hand, 
field evidence for the contribution of CaCl2 has been lacking (24, 26). Furthermore, it remains 
controversial whether the reactions affecting the formation of Ca(NO3)2 and CaCl2 can actually 
proceed under atmospheric conditions, largely owing to a lacking of information on the amount 
of atmospheric acidic gases. In this report, we examine whether these two deliquescent calcium 
salts could be formed through heterogeneous pathways under atmospheric conditions at several 
sites in East Asia. Our results raise the possibility that CaCl2 could be generated from Ca-rich 
dust particles by heterogeneous reactions under remote marine atmospheric conditions in the 
absence of strong anthropogenic emission sources. 
 
Results 
Morphology and Chemical Modification of Dust Particles. Asian dust particles mainly 
originate from dust storms associated with cold air outbreaks in inland arid or semi-arid areas 
(27). It is well known that some of them contain carbonates, which are most likely CaCO3 (19, 
20). According to recent chemical transport modeling studies (28), the enhanced formation of 
Ca(NO3)2 from solid CaCO3-containing dust particles is likely to take place in the atmosphere 
over the eastern (urban and industrialized) areas of the Asian continent (see red contour lines in 
Fig. 1A). In fact, Ca-rich dust particles that have a droplet-like shape and contain rich nitrate 
(most likely, Ca(NO3)2) have been detected previously in the polluted boundary layer of these 
areas, such as Beijing, China (22-24), and Chuncheon, Korea (25). The location of these sites is 
shown in Fig. 1A. Although these field studies conclude that the results are attributed to the 
formation of Ca(NO3)2, only Li and Shao (24) carefully evaluate the content of chloride in dust 
particles collected at Beijing. For this reason, whether such dust particles contain chloride (i.e., 
CaCl2) or not remains a question. 
Using scanning electron microscopy (SEM) with energy dispersive X-ray (EDX) analysis, 
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we examined the relative elemental ratios of individual dust particles from the samples collected 
at Beijing (the original data are taken from Matsuki et al. (22)) on April 29, 2002 (~600 m above 
mean sea level), and March 29, 2003 (~760 m above mean sea level). The results are plotted in a 
Ca:Cl:(Al + Si + Fe) ternary diagram (Fig. 1B). In these cases, Ca-free (mostly, Si- and Al-rich) 
particles had an irregular shape, while most of Ca-rich particles had a droplet-like shape. It is 
evident that these particles contained almost no chloride, corresponding to the results reported 
previously by Li and Shao (24). Similarly, literature data at Chuncheon (25) included Ca-rich 
particles that contained rich nitrate but little or no chloride. An example of the EDX analysis of 
the particles collected at Chuncheon is also plotted in Fig 1B. Overall, these results demonstrate 
that, in the eastern areas of the Asian continent, the common example of soluble materials 
detected in Ca-rich dust particles is certainly not CaCl2 but rather Ca(NO3)2. 
On the other hand, we recently reported on the existence of Ca-rich dust particles, which 
were very similar to the ones coated with nitrate in appearance but contained rich chloride, in the 
atmospheric boundary layer of Kanazawa during Asian dust storm events (26). The location of 
this site is shown in Fig. 1A. The results from the dust samples collected on April 21 and 24, 
2007 (~150 m above mean sea level) are presented in Fig. 1C (the original data are taken from 
Tobo et al. (26)). The SEM images were similar to those of Beijing (Fig. 1B and refs. 22-24) and 
Chuncheon (25); however, the EDX analysis showed a strong correlation between Ca and Cl 
contents (Cl/Ca ≈ 0.315). We postulated that this correlation was attributed to partial formation 
of CaCl2 in dust particles (26). Since Ca-rich particles presented here contained less Na and Mg 
(see Materials and Methods), the possibility of coagulation of dust and sea salt (i.e., NaCl or 
MgCl2) particles should be ruled out. Also, considering the preferential detection of chloride in 
Ca-containing dust particles (Fig. 1C), it is highly unlikely that other non-sea salt particles (e.g., 
NH4Cl) were mixed with dust particles and had a significant impact on the present results. 
The SEM images of dust particles that contain rich Ca, Cl, Si and Al are illustrated in Fig. 2A 
(this sample was collected at Kanazawa during an Asian dust storm period on May 21, 2010). 
The SEM image taken at lower electron voltage (5 kV) showed that the entire picture of the 
particles looked like nearly droplet-like shape. Meanwhile, the SEM image taken at higher 
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electron voltage (20 kV) indicated the existence of electronically opaque core that had an 
irregular shape in the particles. Si and Al were detected only in the core part (most likely, 
aluminosilicates), but Ca and Cl were detected anywhere in the particle surfaces, suggesting that 
the particles were coated with soluble materials containing CaCl2 (see Fig. 2 B and C). 
 
Atmospheric Gaseous HNO3 and HCl. The results presented raise the question of whether 
the mechanisms responsible for the formation of Ca-rich dust particles that have a droplet-like 
shape could differ from area to area in East Asia. In this section, we examine the amount of 
highly reactive acidic gases (i.e., HNO3 and HCl) that have the potential to induce the formation 
reactions of Ca(NO3)2 and CaCl2. 
In Fig. 1D, we show gaseous HNO3 and HCl concentrations measured at several sites in East 
Asia from March to May, corresponding to the period when Asian dust storm events are most 
frequently observed. The location of the monitoring sites is shown in Fig. 1A. Given that there 
were no severe volcano eruptions in spring 2007, we believe that HNO3 and HCl concentrations 
presented here are a representative example of the background values in East Asia. We divided 
the data into three groups: Kanghwa and Imsil, which are surrounded by urban and industrial 
cities (Site I); Primorskaya, which is located on the Asian continent side apart from large 
pollution sources (Site II); and Oki, Sado-seki and Tappi, which are located east of the Sea of 
Japan and are far from large pollution sources (Site III). As can be seen in Fig. 1D, the highest 
HNO3 concentrations were observed at Site I and the highest HCl concentrations at Site III. Both 
HNO3 and HCl concentrations at Site II were relatively low. 
The main source of gaseous HNO3 is the oxidation of NOx, which is largely attributed to 
anthropogenic emissions from combustion of fossil fuels and production and use of fertilizers 
(29); hence, the highest HNO3 concentrations at Site I would be attributable to anthropogenic 
emissions from the urban and industrialized area of the Asian continent. 
On the other hand, the main source of gaseous HCl is volatilization from sea salt particles 
(e.g., heterogeneous reactions of sea salt with HNO3 and H2SO4), followed by combustion of 
fossil fuels and occasional volcanic eruptions (30). Therefore, the highest HCl concentrations at 
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Site III would probably be induced by emissions of HCl from chemically-aged (i.e., acidified) 
sea salt particles suspending in the marine boundary layer over the Sea of Japan. In Fig. 3, we 
show an example of sea salt particles collected in an Asian dust storm that contained Ca- and 
Cl-rich dust particles (this sample was collected at Kanazawa on May 21, 2010). As shown here, 
most of the sea salt particles became depleted of Cl, suggesting the release of HCl into the 
atmosphere. Unfortunately, the EDX analysis used here cannot determine whether Cl-depleted 
sea salt particles contained N or not (see Materials and Methods). However, given that these sea 
salt particles contained less S, we speculate that the Cl depletion would be caused by the uptake 
of HNO3 rather than that of H2SO4 (see also ref. 26). 
 
Comparison with Gaseous HNO3 and HCl at Equilibrium. It is generally thought that 
Ca(NO3)2 and CaCl2 are formed from the heterogeneous reactions of CaCO3-containing particles 
with HNO3 and HCl as follows (17): 
 
CaCO3(s) + 2HX(g) → CaX2(aq) + H2O(aq) + CO2(g)                 [1] 
 
where X is NO3 or Cl. In addition, it should be noted here that nitrate and chloride are capable of 
coexisting in the same Ca-rich dust particles (31, 32). Here, we hypothesized that Ca(NO3)2 and 
CaCl2 could form an equilibrium mixture. The equilibrium reaction between Ca(NO3)2 and CaCl2 
would be expressed as follows: 
 
Ca(NO3)2(aq) + 2HCl(g) ↔ CaCl2(aq) + 2HNO3(g)                [2] 
 
Since the Gibbs free energy change for reaction 2 is very small (1.238 kJ mol-1), this reaction is, 
in principle, reversible. 
The concentrations of gaseous HNO3 and HCl at equilibrium for reaction 1 ([HNO3]e and 
[HCl]e, respectively) have been determined based on a thermodynamic calculation (see SI Text). 
In Fig. S1 A and B, we show the [HNO3]e and [HCl]e curves under given conditions of the 
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atmospheric boundary layer (0-30°C and 40-100%RH at 1000 mbar). Both of the [HNO3]e and 
[HCl]e decrease exponentially with decreasing temperature and with increasing RH. In addition, 
the ratios of HNO3 to HCl at equilibrium for reaction 2, [HNO3/HCl]e, have also been calculated 
(see SI Text) and the results are presented in Fig. S1C. On the basis of the [HNO3]e, [HCl]e and 
[HNO3/HCl]e, we examined whether the formation of Ca(NO3)2 and CaCl2 through reactions 1 
and 2 are thermodynamically favorable under given conditions. The relationship of [HNO3]e, 
[HCl]e and [HNO3/HCl]e at 20°C is summarized in Fig. 4A (those at 0, 10 and 30°C are also 
presented in Figs. S2, S3 and S4, respectively). 
The concentrations of HNO3 and HCl measured at Sites I and III are presented in Fig. 4B (see 
also Figs. S2-S4). At all monitoring sites, the HNO3 and HCl concentrations tended to be greater 
than the relevant [HNO3]e and [HCl]e, respectively. The present results suggest that reaction 1 
can proceed in the forward direction for most conditions of the atmospheric boundary layer in 
East Asia, and a driving force exists for the production of Ca(NO3)2 and/or CaCl2 from CaCO3. It 
is important to note that the direction of reaction 2 can be determined by the proportion of HNO3 
to HCl. The highest HNO3/HCl ratios of >1.0 were detected at Site I. The values were much 
greater than the relevant [HNO3/HCl]e, regardless of ambient temperature and RH. In this regime, 
the production of CaCl2 should be always suppressed, and thus the formation of Ca(NO3)2 would 
be the dominant process. In contrast, the HNO3/HCl ratios were very low at Site III and there 
was no significant difference among Oki, Sado-seki and Tappi. For the HNO3/HCl ratios of ~0.1 
to 0.3 at Site III, the formation of an equilibrium mixture of Ca(NO3)2 and CaCl2 is preferable. 
In this regime, the preferred direction of reaction 2 depends mainly on ambient RH. 
 
Discussion 
The application of the equilibrium thermodynamic predictions promises to provide new insight 
into the conversion of Ca-rich dust particles into aqueous droplets in the atmospheric boundary 
layer. We suggest that the high HCl concentrations and the lowering of the HNO3/HCl ratios at 
Site III (Fig. 1D) would allow CaCl2 to be formed through reactions 1 and/or 2. The formation of 
chloride in Ca-rich dust particles as measured at Kanazawa (Figs. 1C, 2 and 3) would be induced 
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by the reactions with HCl in the process being transported in the marine boundary layer over the 
Sea of Japan. We have shown that these dust particles contained almost no sulfates (see Figs. 2 
and 3, and ref. 26). In addition, considering relatively moist conditions in the marine boundary 
layer (usually, >60%RH), it is highly likely that the production of CaCl2 exceeds that of 
Ca(NO3)2 under most conditions around Site III. This tendency is also expected from previous in 
situ measurements of an Asian dust storm event on a ship in the Sea of Japan using an aerosol 
time-of-flight mass spectrometry (ATOFMS) (31, 32). Furthermore, the SEM/EDX images of 
Ca-rich dust particles as shown in Figs. 1C, 2 and 3 provide strong evidence for the involvement 
of aqueous CaCl2 solutions in the formation process of a deliquescent layer on the particle 
surfaces. 
On the other hand, a number of previous studies have focused mostly on the conversion of 
solid CaCO3 into aqueous Ca(NO3)2 solutions through reaction 1 (14, 15, 19-25, 33-37), and 
field evidence for the existence of Ca-rich dust particles coated with highly soluble nitrate have 
supported the importance of this reaction in the vicinity of the urban and industrialized areas of 
the Asian continent (22-25). It is expected that the HNO3 and HCl concentrations in the 
atmospheric boundary layer of Chuncheon are similar to those of Site I (Fig. 1D). Unfortunately, 
the HNO3 and HCl concentrations in the urban boundary layer of eastern China (e.g., Beijing) 
remain to be reported, but the HNO3/HCl ratios are presumably equal to or more than those of 
Site I. Hence, the absence of chloride in Ca-rich dust particles that have a droplet-like shape as 
measured at Beijing and Chuncheon (see Fig. 1B and ref. 24) would be caused by the enhanced 
formation of Ca(NO3)2 in dust particles under high HNO3/HCl conditions, thus suppressing the 
formation of CaCl2 in the same particles. 
Although nitrate and chloride can coexist preferentially in the same Ca-rich dust particles 
under certain atmospheric conditions, the modification of the particles by stronger acids may 
prevent the formation of nitrate and/or chloride (26, 31, 32). An example is the reaction of them 
with SO2 to form sulfate-containing dust particles (e.g., gypsum), which are less hygroscopic 
and remain their crystalline morphology below ~100%RH (38). However, this reaction can 
proceed efficiently only under extremely humid conditions (>90%RH), which are relatively rare 
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conditions except in the case of cloud processing (37). Therefore, we believe that the uptake of 
HNO3 and HCl by dust particles is much more efficient than that of SO2 under typical conditions 
of the atmospheric boundary layer, as suggested by Ooki and Uematsu (39). 
The present results highlight an important mechanism for the formation of soluble materials 
on dust particles through heterogeneous pathways, which are possible under less polluted marine 
atmospheric conditions. Similar to other acids, HCl emitted from sea salt particles should be 
useful for acidifying the surfaces of dust particles and also for enhancing their hygroscopicity 
(18) and metal dissolution properties (40). However, despite the recent rapid development of 
chemical transport modeling studies on the reactions of dust particles with acidic gases induced 
by human activity (particularly HNO3 and SO2), the influence of high HCl concentrations in the 
remote marine boundary layer has not yet been considered in the model calculations (28 and 
references therein). Further studies will be needed to evaluate the efficiency of reactions 1 and 2, 
and their relationship with other competing reactions under various conditions. Nevertheless, the 
current study is an important step toward establishing an understanding of the formation of 
aqueous solution droplets in dust storms without severe air pollution effects, as well as studying 
their impacts on both unidentified aerosol-cloud-climate feedback systems and ecosystems. 
 
Materials and Methods 
The size, morphology and elemental composition of individual particles found in the samples 
collected at Beijing (22, 23) and Kanazawa (26) during Asian dust storm periods were 
examined manually using SEM/EDX analysis. The relative composition of elements (atomic 
percent) with atomic number (Z) ≥ 11 in each particle was calculated using ZAF matrix 
correction (for this reason, the relative composition of low-Z elements such as C, N and O 
was not determined). On the basis of the patterns in the relative compositions, the analyzed 
particles were classified into several types and then only sea salt-free dust particles meeting 
the criterion of “Al + Si + Fe > 0”, “Na ≈ 0” and “Mg < Si” (26) were examined. In this study, 
we applied this criterion not only to the samples collected at Beijing and Kanazawa, but also 
to those at Chuncheon reported by Hwang and Ro (25). 
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Monitoring of HNO3 and HCl was conducted by the Acid Deposition Monitoring Network in 
East Asia (EANET) using a four-stage filter pack method (see Technical document for filter 
pack method in East Asia available at www.eanet.cc/product/techdoc_fp.pdf). The values at 
each monitoring site were obtained from weekly or biweekly sampling, whereas those at 
Kanghwa and Imsil were from daily sampling. After removing aerosol particles on the first 
stage (a polytetrafluoroethylene filter), all HNO3 and partial HCl were collected on the second 
stage (a polyamide filter) and the remaining HCl was obtained from the third stage (a 
cellulose filter impregnated by K2CO3). Typical flow rate for weekly or biweekly sampling is 
~1.0 L min-1, and that for daily sampling is ~15 L min-1. The concentrations of these gases 
were measured in aqueous filter extracts by ion chromatography. More detailed information 
concerning the EANET data is available via the Internet at www.eanet.cc/product.html. The 
procedures for calculating [HNO3]e, [HCl]e and [HNO3/HCl]e are provided in SI Text. 
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Figure Legends 
Fig. 1. Information on field measurements of chemically-aged dust particles and reactive 
acidic gases in East Asia. (A) Location of the measurement sites. Red contour lines show the 
regions where calcium nitrate formation involving dust particles tends to be strongly 
activated (28). (B) Relative atomic ratios of Ca:Cl:(Al + Si + Fe) for dust particles collected at 
Beijing (22), and SEM images of typical Ca-free and Ca-rich particles taken using 10 kV 
electron beam (Scale bar, 3 µm). The relative atomic ratios for dust particles collected at 
Chuncheon (25) are also shown for reference. (C) Same as Fig. 1B, but for the particles 
collected at Kanazawa (26). (D) Ground-based measurements of gaseous HNO3 and HCl at 
Kanghwa (n = 13), Imsil (n = 12), Primorskaya (n = 6), Oki (n = 7), Sado-seki (n = 7) and 
Tappi (n = 7) from March to May 2007 (means ± standard deviations). 
 
Fig. 2. SEM/EDX images of dust particles that contain rich Ca, Cl, Si and Al collected at 
Kanazawa during an Asian dust storm event. (A) SEM images of the particles taken using 5 
and 20 kV electron beams. (B) EDX spectra from selected parts (I and II) in Fig. 2A. Ni in 
spectra is from the mesh grid. (C) Structure of a representative of the particles inferred from 
SEM/EDX analysis. 
 
Fig. 3. SEM/EDX images of dust and sea salt particles collected at Kanazawa during an 
Asian dust storm event. (A) SEM images of the particles taken using 5 and 20 kV electron 
beams. (B) Three element (Ca, Cl and Na) mapping of these particles. (C) EDX spectra from 
these individual particles. Ni in spectra is from the mesh grid. 
 
Fig. 4. Relationship of the concentration of HNO3 and HCl with reactions 1 and 2. (A) RH 
dependence of [HNO3]e, [HCl]e and [HNO3/HCl]e at 20°C. (B) Measured values of HNO3 and 
HCl at Kanghwa, Imsil, Oki, Sado-seki and Tappi from March to May 2007. Note: if ambient 
HNO3 concentrations are greater than [HNO3]e and the ratios of HNO3 to HCl are greater than 
[HNO3/HCl]e, then the reactions to form Ca(NO3)2 are thermodynamically favorable. 
